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Abstract 
Glow-worms (larvae of dipteran genus Arachnocampa) are restricted to moist habitats where they 
capture flying prey using snares composed of highly extensible silk fibres and sticky mucus droplets. 
Little is known about the composition or structure of glow-worm snares, or the extent of possible 
convergence between glow-worm and arachnid capture silks. We characterised Arachnocampa 
richardsae silk and mucus using X-ray scattering, Fourier transform infrared spectroscopy and amino 
acid analysis. Silk but not mucus contained crystallites of the cross-β-sheet type, which occur in 
unrelated insect silks but have not been reported previously in fibres used for prey capture. Mucus 
proteins were rich in Gly (28.5%) and existed in predominantly a random coil structure, typical of 
many adhesive proteins. In contrast, the silk fibres were unusually rich in charged and polar residues, 
particularly Lys (18.1%), which we propose is related to their use in a highly hydrated state. 
Comparison of X-ray scattering, infrared spectroscopy and amino acid analysis data suggests that silk 
fibres contain a high fraction of disordered protein. We suggest that in the native hydrated state, silk 
fibres are capable of extension via deformation of both disordered regions and cross-β-sheet 
crystallites, and that high extensibility is an adaptation promoting successful prey capture. This study 
illustrates the rich variety of protein motifs that are available for recruitment into biopolymers, and 
how convergently evolved materials can nevertheless be based on fundamentally different protein 
structures.  
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1. Introduction 
Gnats of the genus Arachnocampa (Diptera: Keroplatidae) spend most of their life cycle in the form 
of larvae known as glow-worms. The nine species of Arachnocampa (Baker, 2010; Baker et al., 2008) 
occupy habitats in New Zealand and the eastern coast of Australia with high relative humidity such 
as rock surfaces near waterfalls, dense rainforest, and wet caves (Meyer-Rochow, 2007). The Latin 
and common names of this insect refer to two unusual adaptations related to prey capture: 
Arachnocampa means ‘spider-grub’ and refers to silk production; ‘glow-worm’ refers to their 
capacity for bioluminescence. After hatching, each larva constructs a nest consisting of a silk 
dwelling tube surrounded by between 5 and 50 ‘snares’, which are free-hanging silk fibres covered 
with mucus droplets (Meyer-Rochow, 2007; Figure 1). Flying insects attracted by the larva’s 
bioluminescence eventually encounter one of the snares, adhere to the sticky mucus, and become 
fastened to the nest by the silk fibre. Once trapped, the prey is hauled up and eaten together with 
the snare (Meyer-Rochow, 2007; Stringer, 1967).  
 
The use of silk to capture flying prey, while unique among the insects, is familiar among arachnids. 
The capture of flying prey by spiders such as orb weavers (Araneidae) relies on a toolkit of 
sophisticated biological materials including dragline, flagelliform silk and adhesive droplets (Gosline 
et al., 1999). The strong dragline silk forms a frame, to which is added a spiral of capture fibres 
(viscid fibres) consisting of silk from the flagelliform glands and adhesive droplets from the aggregate 
glands. The adhesive material is secreted as a continuous coating of the silk fibres which 
subsequently absorbs water and breaks into regularly spaced droplets (Sahni et al., 2011). Viscid 
fibres are very extensible (~270%) and moderately strong (0.5 GPa) while dragline silk is moderately 
extensible (~27%) and extremely strong (1.1 GPa). This arrangement allows the kinetic energy of 
flying prey encountering the web to be dissipated by extension and elastic behaviour of the silk 
materials, ultimately allowing prey capture (Gosline et al., 1999).  
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Glow-worm snares show structurally convergent features compared to spider webs, consisting as 
they do of silk fibres with regularly spaced adhesive droplets (Meyer-Rochow, 2007). However 
despite the macroscopic structural similarity and the obvious functional convergence of spider webs 
and glow-worm snares, they are reported to have disparate crystallite structures at the molecular 
level. The mostly amorphous flagelliform silk consists mostly of proteins in disordered conformations 
and β-turns, with a low amount of β-sheet structure (Becker et al., 2003; Hayashi and Lewis, 1998; 
Lefevre and Pezolet, 2012; Ohgo et al., 2006; Rousseau et al., 2009). The more crystalline dragline 
silk consists of extended-β-sheet crystallites, 310 helices and disordered structures (Lefevre et al., 
2007; Van Beek et al., 2002). In contrast, the only protein structure reported to exist in glow-worm 
silk are cross-β-sheets, in which the β-strands are arranged perpendicular to the fibre axis (Rudall, 
1962). Cross-β-sheet crystallites also occur in silks made by insects that have evolved silk production 
independently to either glow-worms or spiders, such as lacewings (order Neuroptera; Weisman et 
al., 2009), hyperine weevils (Coleoptera: Curculionidae; Kenchington, 1983) and water scavenger 
beetles (Coleoptera: Hydrophilidae; Rudall, 1962). Interestingly, it is known that cross-β-sheet 
crystallites are able to confer extensibility to silk fibres due to the ability of the crystallites to unravel 
under tension and form extended-β-sheet structures, a process that is strictly dependent on the 
presence of water acting as a hydrogen bond donor and plasticiser (Bauer et al., 2012; Kenchington, 
1983; Rudall, 1962; Weisman et al., 2009). However, cross-β-sheet-rich silks have not previously 
been reported to be used for prey capture (Sutherland et al., 2010) and it is unknown if extension of 
cross-β-sheet crystallites might contribute to the mechanical function of glow-worm silk.  
 
Thus, the scarce information currently available suggests that glow-worm snares may have structural 
and functional properties distinct from known biopolymers. With the exception of a single X-ray 
scattering pattern obtained from the ‘pupal rope’ (the dried dwelling tube from which the insect 
hangs during pupation) of A. luminosa (Rudall, 1962), nothing is known about the composition or 
structure of glow-worm silk, or how its composition and structure relates to its mechanical 
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properties and role in prey capture. We therefore further characterised capture snares harvested 
from a captive colony of the New South Wales glow-worms (A. richardsae) using Fourier transform 
infrared (FTIR) spectroscopy, wide angle X-ray scattering (WAXS), amino acid analysis, gel 
electrophoresis, liquid chromatography-tandem mass spectrometry (LC-MS/MS) and silk gland 
transcriptomics. Silk fibres are unambiguously shown to contain cross-β-sheet crystallites, and 
several lines of evidence suggest the silk to have a low crystalline fraction and function in a highly 
hydrated state. We discuss how the composition and structure of glow-worm snares may contribute 
to the functional behaviour of prey capture fibres.  
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2. Materials and methods 
 
2.1. Insects and silk collection 
Glow-worm larva (A. richardsae) were collected from two locations in New South Wales, Australia: a 
disused railway tunnel in the town of Helensburgh, or Newnes Plateau (Wollemi National Park). Each 
larva was housed individually to avoid cannibalism in an artificial cave made by cutting a cylindrical 
plastic container 15 cm in diameter and 10 cm high in half along its cylindrical axis, covering the 
inside with modelling clay and the open face with plastic wrap. Up to 30 artificial caves were kept 
humid by storage in a plastic tub with 1–2 cm of ultrapure water at the bottom. The tub was kept in 
the dark at 15°C, which was the temperature recorded at the Helensburgh field site at the time of 
collection. Once or twice each fortnight, an adult fruit-fly (Drosophila melanogaster) would be 
placed in one of the snares in each larva's nest. Silk was collected by gripping a hanging snare from a 
nest with tweezers, cutting it at the top with scissors, and winding the silk around spindle. Silk fibres 
used for FTIR spectroscopy, amino acid analysis, electrophoresis, LC-MS/MS and WAXS were then 
washed in ultrapure water on a rocker, three times for five minutes each, to remove mucus.  
 
2.2. Microscopy 
Fibre birefringence was examined using a M205C polarising light microscope (Leica) with a full wave 
compensator installed underneath the sample stage, so that its slow axis was aligned at +45° 
between the crossed polarising filters. 
 
2.3. FTIR spectroscopy 
Spectra were obtained on a Tensor 37 Fourier transform infrared (FTIR) spectroscope with a MIRacle 
diamond ATR attachment, using OPUS software (Bruker). Averages of 128 scans were recorded at a 
resolution of 2 cm-1. Spectra from capture silk were obtained from a bundle of silk fibres pooled 
from up to ten individuals, washed as described above and allowed to air-dry. Spectra of mucus 
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were obtained by collecting droplets with a pipette and allowing approximately 20 µl of freshly 
collected mucus to dry directly onto the surface of the ATR attachment. Comparison spectra shown 
are from green lacewing (Mallada signata) egg-stalks collected as described in Weisman et al. (2009) 
and untreated silkworm (Bombyx mori) cocoon fibres. 
 
2.4. Wide angle X-ray scattering 
Bundles of silk fibres pooled from up to ten individuals were washed as described above, allowed to 
air-dry, and analysed on the SAXS/WAXS beamline of the Australian Synchrotron. A wavelength of 
0.062 nm and a nominal sample to detector distance of 0.559 m provided a usable q-range 
(q=4πsinθ/λ) of approximately 1 to 22 nm-1, which was calibrated using a silver behenate standard. 
Samples were mounted in air, perpendicular to the beam, with scattering patterns collected in 
transmission. An optical microscope alignment system was used to accurately position samples in 
the X-ray beam. A background profile obtained without a sample was subtracted from experimental 
profiles to account for air scattering. Peak positions were measured using the Australian 
Synchrotron’s 15ID SAXS/WAXS software, with reported errors in peak positions corresponding to 
software measurements of peak full-width-at-half-maximum. 
 
2.5. Amino acid analysis 
Bundles of silk fibres from up to ten individuals were washed as described above, air-dried, and sent 
to the Australian Proteome Analysis Facility (Macquarie University, NSW, Australia) for amino acid 
analysis. Samples underwent 24 hour gas phase hydrolysis with 6 M HCl at 110°C, and amino acids 
were analysed using the Waters AccQTag Ultra chemistry. Cys and Trp residues are not recovered by 
this method.  
 
2.6. Solubilisation and electrophoresis 
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For electrophoresis, bundles of capture silk fibres from single individuals were washed as described 
above and solubilised in 1% SDS at 85°C for 30 minutes. To prepare protein extracts of glandular 
tissue, the labial glands of a single larva were dissected. Each was added to tube containing 20 µl 1% 
SDS, heated at 85°C for 10 minutes, centrifuged at 13000 G and the supernatant harvested. SDS-
PAGE of silk and mucus was conducted using NuPage 4–12% Bis-Tris gels and 2-(N-
morpholino)ethanesulphonic acid running buffer (Invitrogen); for reducing conditions, 10x Reducing 
Agent (Invitrogen) was added to each sample, and 200 µl Antioxidant Reagent (Invitrogen) was 
added to the buffer bath. Gels were stained with Coomassie Brilliant Blue R250. 
 
2.7. Gene discovery 
Silk (labial) gland mRNA was extracted from 4 individual A. richardsae larvae using the 
RNAqueous4PCR kit (Ambion) to purify total RNA and the Micro-FastTrackTM 2.0mRNA Isolation kit 
(Invitrogen) to select polyA-positive transcipts. A cDNA library with insert size between 0.5 kb and 10 
kb was constructed from the mRNA using the CloneMinerTM cDNA kit (Invitrogen) according to the 
method described in (Sutherland et al., 2006). Approximately 50 clones with inserts were 
sequenced. 
For LC-MS/MS, protein bands were cut with a razor from SDS-PAGE gels and analysed as previously 
described (Sutherland et al., 2006). Briefly, the proteins were digested with trypsin, and the resulting 
mixture of peptides was analysed by liquid chromatography-tandem mass spectrometry on an 
Agilent LC-MSD Trap XCT spectrometer. The SpectrumMill software (Agilent) was used to compare 
the peptides to both the sequences obtained from a cDNA library of the silk gland and GenBank's 
non-redundant protein database.  
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3. Results 
 
3.1. Glow-worm snares are a composite of mucus droplets and birefringent silk fibres 
In captivity, glow-worms constructed nests within a day of being housed in artificial caves. Nests 
resembled those observed in the field, with a horizontal dwelling tube and 2–30 hanging hanging 
capture snares. Silk fibres were up to 10 cm long with diameters between 2–9 µm (depending on the 
size of the larva). In the humid environment of the artificial caves, silk fibres were extensible up to 
three to four times their original length, and were highly elastic and adhesive. Dried silk from 
dwelling tubes (‘pupal ropes’; Figure 2, A) or bundles of silk fibres (Figure 2, B) prepared for Fourier 
transform infrared (FTIR) spectroscopy and wide angle X-ray scattering (WAXS) experiments (see 
below) were in contrast brittle and inelastic. Washed or unwashed capture silk fibres and pupal 
ropes were weakly birefringent in the long-slow direction, suggesting that they contain silk proteins 
which are orientated with respect to the fibre axis.  
 
3.2. Crystallites in glow-worm silk have the cross-β-sheet structure 
Rudall (1962) reported the cross-β-sheet structure to be present in silk fibres produced by A. 
luminosa. However, the sample preparation methods were not described and the sample used was a 
‘pupal rope’ (the dried remains of the dwelling tube), which is likely to contain dried mucus material. 
It is therefore not clear whether the cross-β-sheet structure observed represents the native 
conformation of the silk, a contribution from the mucus proteins in the sample, or drying-induced 
fibre contraction. To clarify the structure of crystallites in the silk fibres, we examined silk which was 
washed to remove mucus droplets and then dried under conditions preventing contraction, by FTIR 
spectroscopy and WAXS.  
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FTIR spectra obtained from silk fibres after washing and drying were typical of protein, with amide 
maxima at 1631, 1527, and 1240 cm-1 (Figure 3). These features indicate the presence of substantial 
β-sheet structure, with a lesser content of other secondary structures (Byler and Susi, 1986; Kong 
and Yu, 2007), and no significant content of β-spirals (Serrano et al., 2007). Compared to spectra 
obtained from silkworm cocoon fibres and lacewing egg-stalks (dotted and dashed lines, Figure 3), 
the amide I and II regions of the glow-worm spectrum are skewed to higher wave-numbers and 
show a lack of fine features, suggesting a comparatively lower proportion of well-defined β-sheet 
structure. In contrast to spectra obtained from silk, the FTIR spectrum obtained from dried mucus 
showed amide maxima at 1657, 1544 and 1240 cm-1 (Figure 3), indicating a predominant random 
coil structure and low β-sheet content (Anderle and Mendelsohn, 1987; Kong and Yu, 2007). The 
random coil structure, and also the non-protein components indicated by the shoulder at 3450 cm-1, 
are features typical of bioadhesive proteins (Graham, 2008).  
 
Wide angle X-ray scattering patterns obtained from a pupal rope comprised a meridional and an 
equatorial arc, and three isotropic rings (Figure 4). The two arcs, but not the three rings, were also 
present in scattering patterns obtained from silk that had been washed to remove mucus. Therefore, 
the three isotropic rings were attributed to scattering by mucus components, and the orientated 
arcs were attributed to silk components. The strong meridional arc occurring at d=0.471±0:009 nm 
was attributed to characteristic d=0.472 nm hydrogen-bond spacing of a β-sheet structure. The 
meridional occurrence of this feature, when the fibre axis is vertical, indicates that the crystallites in 
glow-worm silk are of the cross-β-sheet type. A weaker equatorial arc at d=0.523±0.006 nm was 
attributed to an inter-sheet spacing distance of 0.52 nm. Of the three rings observed in the 
scattering pattern from the pupal rope, the inner ring at d=0.627±0.015 nm was weak and 
continuous. The two outer rings at d=0:334±0:001 nm and d=0.304±0.001 nm were made up of 
discrete spot reflections, indicating scattering from small organic crystals. Overall, the results of 
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WAXS experiments support those obtained by FTIR and are consistent with previously published 
results (Rudall, 1962).  
 
3.3. Glow-worm silk contains long hydrophilic proteins and protease inhibitors 
The small amino acids Ala, Gly and Ser, which often account for 50–80% of residues in silk fibres 
(Lucas et al., 1960), accounted for only 23.7% of the residues recovered from washed silk fibres 
(Table 1). The most abundant residue recovered was Lys (18.1%), followed by Pro (12.9%), Ser 
(12.5%) and Thr (8.6%). Charged and polar residues accounted for 56.2% of residues (Table 1), 
suggesting glow-worm silk proteins to be more hydrophilic compared to other characterised silk 
proteins. Mucus was rich in Gly (28.5%), Asp + Asn (19.8%) and Lys (10.2%), a composition which like 
the random coil structure, is typical of proteins with an adhesive function (Graham, 2008).  
 
Silk fibres harvested from a nest and washed to remove mucus could be dissolved without the need 
for reducing agents in 1% sodium dodecyl sulfate (SDS) at 85°C for 30 minutes. However, fibres 
allowed to air-dry after washing were insoluble under such conditions. Soluble silk proteins could 
also be obtained directly from the modified labial glands where the silk is produced. Gel 
electrophoresis of protein extracts from silk and silk glands revealed that both contained an 
abundant high molecular weight protein component (Supplementary Figure 1). A precise weight was 
not determined for this protein, but a double-exponential (no offset) function relating migration to 
the molecular weight of the protein markers suggested the band to be approximately 1000 kDa. Less 
intensely stained bands with lower molecular weights were observed at approximately 250, 63, 60, 
57, 52, 36, 30, 25, 22, and 20 kDa. These results suggest that silk fibres consist chiefly of a high 
molecular weight protein which is not covalently cross-linked into a single network in the mature 
silk. A variety of proteins with lower molecular weights were also present.  
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To identify proteins present in silk fibres, washed silk was digested with trypsin and the resulting 
peptides analysed by liquid chromatography and tandem mass spectrometry. Mass spectrometry 
data were used to search an in silico translated library constructed from silk gland tissue. Using this 
method, three proteins were confidently identified in glow-worm silk (Table 2). All three sequences 
(Supplementary Figure 2) contain predicted signal sequences and stop codons and hence were 
hypothesised to encode full-length proteins. No sequences likely to correspond to the high 
molecular weight structural component of silk fibres were recovered using this method, but two 
sequences (GenBank Accessions (GA) JQ915214 and JQ915215) encoded proteins with strong 
similarity to insect serine protease inhibitors (many BLASTp hits with E<10-30 in each case).   
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4. Discussion 
This study examined the silk fibres and mucus droplets used by glow-worms (A. richardsae) to catch 
prey. Though the techniques we used mostly precluded using fibres in their native hydrated state, 
we characterised silk separated from mucus and dried under conditions preserving as many 
structural features of interest as possible. The silk fibres were found to have a unique combination 
of features compared to other described arthropod silks (Table 3). Glow-worm silk’s closest 
functional analogues are the web silks of spiders (flagelliform and dragline silks) that together with 
adhesive materials form a prey capture device (the snare or web, respectively). However, the 
presence of cross-β-sheet crystallites (where the β-strands are arranged perpendicular to the fibre 
axis) – although known to occur in a variety of other insect silks (Kenchington, 1983; Rudall, 1962; 
Weisman et al., 2009) – are novel components of prey capture fibres.  
 
4.1. A key role for disordered protein 
Whilst we are unable to give quantitative estimates of crystallinity in the glow worm silk, various 
lines of evidence suggest that the levels of crystallinity are lower than observed in silkworm and 
lacewing silks, perhaps close to the low level found in spider flagelliform silks (Gosline et al., 1999; 
Lefevre and Pezolet, 2012; Rousseau et al., 2009). Cross-β-sheet crystallites were observed in dry silk 
by X-ray scattering, and scattering patterns suggested the inter-sheet distance separating β-sheets 
within crystallites is approximately 0.52 nm (Figure 4), which is intermediate between the inter-
sheet distance silkworm silk crystallites (0.47 nm; Marsh et al., 1955) and lacewing egg-stalk 
crystallites (0.54 nm; Weisman et al., 2009). In both silkworm silk and lacewing egg-stalks the 
crystalline regions are dominated by the small residues Gly, Ala, Ser, Thr and Val; the measured 
inter-sheet distance thus suggests that glow-worm silk crystallites are likely to be similarly rich in 
these small residues. However, as the overall content of small residues is much lower in glow-worm 
silk (37.6%; Table 1) compared to silkworm and lacewing egg-stalk silks (87.4% and 86.9% 
respectively; Lucas et al., 1960), it is likely that glow-worm silk is likely to have a substantially lower 
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crystalline fraction compared to either silkworm silk or lacewing egg-stalks. The interpretation of a 
lower crystalline fraction in glow worm silk compared to either silkworm or lacewing silk is 
supported by analysis of FTIR spectra obtained from glow-worm silk (Figure 3): while the amide 
region peak positions indicate β-sheet structure, the comparative shift to higher wave-numbers and 
lack of fine spectral features compared to either silkworm silk or lacewing egg-stalks suggest a 
comparatively lower proportion of well-defined β-sheet structure. The ability of glow-worm silk to 
be solubilised in mild chaotropes such as 1% SDS (Section 3.3), a feature in common with other silk 
fibres having low crystalline fractions (Walker et al., 2013), may also be indicative of a low crystalline 
fraction. In spider silks and especially flagelliform silk, deformation of amorphous regions is a key 
process by which the kinetic energy of prey is dissipated (Gosline et al., 1999; Savage and Gosline, 
2008a, b). Possibly, the amorphous fraction serves a similar function in glow-worm silk. If so, despite 
having different crystallite structures (Section 1), glow-worm silk and spider silk may share a 
structure-function relationship based on disordered protein chains. 
 
4.2. Mechanical role of cross-β-sheet crystallites 
Though silks are commonly classified according to the crystallite types present (Sutherland et al., 
2010), glow-worm silk shows numerous differences compared to other silks containing cross-β-sheet 
crystallites – especially compared to the best-characterised cross-β silk, lacewing egg-stalk silk – in 
amino acid composition, structural protein molecular weight and disulfide connectivity (Table 3). In 
fact, apart from crystallite structure the only property notably shared by glow-worm and lacewing 
silks is a water-dependent capacity for extreme extensibility. At saturated humidity or when actually 
immersed in water, lacewing egg-stalks may be extended up to 502% (Weisman et al., 2009). The 
mechanism of this extension, judging from the high crystallinity of the egg-stalk silk and from direct 
polarised Raman observations (Bauer et al., 2012), is the unravelling of cross-β-sheet structures to 
extended-β-sheet structures. In nature, lacewing silk is used to hold eggs away from the surface and 
thereby protect them from predators. This function does not require extensibility, and lacewing silk 
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performs it in dry as well as humid environments. Thus, extensibility is unlikely to be a directly 
selected feature of lacewing egg-stalks and instead appears to be an inadvertent capacity or 
‘spandrel’ (Gould and Lewontin, 1979). The feature under direct selection is likely to be high 
crystallinity (in this case of cross-β-sheets), which may confer other advantages e.g. potential for 
dense protein packing or to facilitate ordering in the liquid state (Walker et al., 2015). Thus for 
lacewing silk, the principle mechanism of extensibility is clearly the deformation of cross-β-sheet 
structures but the functional significance of this observation is undemonstrated. 
 
In the case of glow-worm silk exactly the opposite is true: functionally, extensibility is likely to be an 
adaptation enhancing prey capture, but the mechanism is more uncertain. The low crystallinity of 
the material leaves open the possibility that extension might be essentially due to deformation of 
the amorphous fraction, or due to deformation of both the amorphous fraction and the cross-β-
sheet crystallites. For spider and other silks, initial extension at low stress is due to the deformation 
of amorphous regions, while at higher stress extension is increasingly reliant on deformation of 
ordered regions (Fu et al., 2009; Krasnov et al., 2008; Savage and Gosline, 2008b). By analogy, the 
amorphous regions and crystallites of glow-worm silk may deform at different strains and thereby 
allow the material to function over a greater dynamic range and have greater overall strength. Three 
key differences between glow-worm snares and orb webs exist: (a) that glow-worm snares dangle 
down freely from a vertical substrate whereas, orb webs are highly interconnected structures with 
silk strands fixed at both ends; (b) the use of two types of silk fibre in construction of the webs but 
only one in construction of the snares; and (c) the range of humidity over which each structure 
functions, glow-worm snares being restricted to a relatively narrow range of high-humidity 
environments compared to orb spider webs. Selection pressure for a fibre that functions to capture 
prey under the unique conditions in which glow-worm silk is used has in some way resulted in a 
structure of cross-β-sheet crystallites in an abundant amorphous fraction. Possibly, this structure 
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represents a functional compromise between the properties of spider dragline and flagelliform silks 
in a single fibre. 
 
4.3. The importance of hydration 
In the native hydrated state, glow-worm silk fibres are strong, flexible and elastic, but dry silk fibres 
are brittle and inelastic. This observation indicates that hydration is vital for the native mechanical 
function of glow-worm silk, as is the case for flagelliform silk (Bonthrone et al., 1992; Guinea et al., 
2010) as well as other silks and non-silk elastomeric proteins (Porter and Vollrath, 2009; Truong et 
al., 2011). The functional importance of hydration is reflected by other experimental results 
obtained in this study, including: a) the relative abundance of hydrophilic residues in the silk 
compared to previously described silk fibres (Table 1); b) the low crystalline fraction of glow-worm 
silk inferred by comparison of X-ray scattering patterns and amino acid analysis; c) the presence of 
protease inhibitors in silk (Table 2) which may protect silk proteins with high solvent accessibility 
from degradation by environmental proteases; and d) the ability for freshly harvested silk, but not 
dried silk, to be solubilised in 1% SDS (Section 3.3). Most likely, water is necessary as a hydrogen 
bond donor allowing the rearrangement of both amorphous regions and cross-β-sheet crystallites. In 
the natural environment, glow-worms are restricted to habitats with high relative humidity (Baker et 
al., 2008; Meyer-Rochow, 2007). We propose that the requirement of extensive hydration for their 
silk snares to function in prey capture may be a significant contributor to this habitat restriction.  
 
This study illustrates several emerging lessons from the comparative biochemistry of independently 
evolved silks and adds to the wide recognition of the role of water in determining the mechanical 
properties of high-performance silk fibres. For example, we have argued that a particular crystallite 
structure may evolve convergently in two separate groups (such as glow-worms and lacewings) but 
we should be wary of using such convergence to imply functional similarity. Conversely, silk fibres 
produced by two groups of arthropods (such as glow-worms and orb-spiders) may be functionally 
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convergent, but this convergence cannot be correlated simply with the crystalline structures present 
within the fibres.  
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Figure legends 
 
Figure 1: A glow-worm (Arachnocampa sp.) bioluminescing in its dwelling tube and surrounded by 
capture snares. Photo by Mark Rosen. 
 
Figure 2: Glow-worm silk samples used in this study. A, a portion of a pupal rope; scale bar is 500 
µm. B, a bundle of washed and dried silk fibres on a spindle prepared from a pipette tip; scale bar is 
2 mm.   
 
Figure 3: FTIR spectra of dried glow-worm silk and mucus. Black trace, silk; grey trace, mucus. A, 
entire mid-infrared absorption spectrum. B, amide I and II regions, with peak positions indicated. 
The dotted and dashed lines show spectra recorded from silkworm cocoon fibres and lacewing egg-
stalks for comparison. The upright lines mark the position of silkworm cocoon fibre amide maxima.  
 
Figure 4: X-ray scattering pattern from a pupal rope (axis vertical). Reflections due to cross-β-sheet 
crystallite structure (0.471 and 0.523 nm) occur as arcs while other reflections are isotropic. 
 
Figure 5: Schematic of possible mechanisms of extension in glow-worm silk fibres. Top, unstretched 
fibres in the native hydrated state, with cross-β-sheet crystallites and amorphous protein chains. 
Middle, fibres at moderate extension with extended amorphous chains and intact crystallites. 
Bottom, fibres at full extension with both crystalline and amorphous protein chains extended.  
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Table legends 
 
Table 1: Amino acid composition of glow-worm silk fibres and mucus. 
 
Table 2: Proteins identified in glow-worm silk fibres and mucus.  
 
Table 3: Comparison of glow-worm silk with lacewing egg-stalk silk and spider flagelliform silk. 
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Figure 5  
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Table 1: Amino acid composition of glow-worm silk fibres and mucus. 
Amino acid 
Molar % of residues recovered 
Silk fibres Mucus 
Exp 1 Exp 2 Average Exp 1 Exp 2 Average 
Ala 6.5 6.5 6.5 4 5.6 4.8 
Cys nd nd nd nd nd nd 
Asp+Asn 7.3 7.1 7.2 15.9 23.6 19.8 
Glu+Gln 8.9 9 9 5.4 5.3 5.4 
Phe 1 1 1 0.6 0.5 0.6 
Gly 4.8 4.5 4.7 33.3 23.7 28.5 
His 5.8 5.9 5.9 2.8 2.3 2.6 
Ile 2.6 2.7 2.7 1.7 2.1 1.9 
Lys 17.8 18.3 18.1 10.3 10 10.2 
Leu 2.9 2.8 2.9 2.4 3.6 3 
Met 0.9 1 1 1.5 1.1 1.3 
Pro 12.7 13.1 12.9 7.8 7 7.4 
Arg 0.8 0.8 0.8 0.4 0.4 0.4 
Ser 12.5 12.4 12.5 5.8 5.7 5.8 
Thr 8.6 8.6 8.6 4.4 4.5 4.5 
Val 5.3 5.2 5.3 2.9 3.6 3.3 
Trp nd nd nd nd nd nd 
Tyr 1.4 1.4 1.4 0.9 0.9 0.9 
 
 
nd = not determined.  
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Table 2: Proteins identified in glow-worm silk using LC-MS. 
 
GenBank 
Accession 
% coverage 
(# peptides) 
SpectrumMill 
scorea 
Signal 
peptide 
Predicted 
MWb 
Major amino 
acids 
Detected 
homology 
JQ915214 14(3) 48 yes 27 Thr, Ala yesc 
JQ915215 7(2) 31.2 yes 27.3 Ala, Leu, Asn yesc 
JQ915216 6(2) 25.4 yes 9.8 
Ala, Val, 
Lys,Ser 
no 
 
aSpectrumMill scores above 20 are considered confident; bpredicted mature protein; cinsect serpins  
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Table 3: Comparison of glow-worm silk with lacewing egg-stalk silk and spider flagelliform silk. 
 
 
Glow-worm silk  Lacewing egg-stalka  
Spider silk (flagelliform 
and dragline)b 
Usage Prey capture Egg protection Prey capture 
Humidity of environment  High Varies Varies 
Silk gland  Labial gland Female collaterial gland 
Flagelliform and major 
ampullate glands 
Functional form  
Composite with 
adhesive 
droplets 
Stiff protein fibre 
Composite with 
adhesive droplets 
Crystalline fraction Low High Low 
Major protein structure Cross-β-sheet Cross-β-sheet β-spiral, 310 helix 
Major silk fibroin size 
(kDa) 
~1000 109,67 200-500 
Major amino acids  Lys, Pro, Ser Ser, Gly, Ala Gly, Pro 
 
aWeisman et al. (2009); bHayashi & Lewis (1998), Hu et al. (2006). 
